insect poxvirus (Petersen et al., 1997) . The poxvirus topoisomerases are of fairly uniform size (314 to 333 amino acids) and are considerably smaller than the cellular counterparts. This suggests that the viral topoisomerases constitute the minimal functional unit of a type IB Chonghui Cheng,* § Paul Kussie, † § Nikola Pavletich, † and Stewart Shuman* ‡ * Molecular Biology Program † Cellular Biochemistry and Biophysics Programs Sloan-Kettering Institute enzyme. New York, New York 10021
Figure 1. Conserved Catalytic Domain of Vaccinia Topoisomerase
The domain structure of the 314-amino acid vaccinia topoisomerase is illustrated. The active site Tyr-274 is indicated. The amino acid sequence of the vaccinia virus (vv) topoisomerase catalytic domain (residues 81 to 314) is aligned with the homologous segments of viral topoisomerases encoded by Shope fibroma virus (sf), molluscum contagiosum virus (mc), orf virus (ov), fowlpox virus (fp), and entomopoxvirus (ep) and with the cellular type I topoisomerase of Saccharomyces cerevisiae (Sc). Sequence gaps are indicated by dashes. Residues conserved among the poxvirus topoisomerases are demarcated by the shaded boxes, as are those residues shared with the yeast enzyme. Conserved residues identified by mutagenesis as being important for DNA cleavage or religation chemistry are denoted by arrowheads. The protease-sensitive region within the catalytic domain of vaccinia topoisomerase (aa 135-147) is demarcated by a horizontal bar above the sequence. The cellular topoisomerases contain a nonconserved linker inserted between His-265 and Tyr-274 (denoted by a triangle below the yeast sequence).
a comprehensive structure-function analysis of the vacthe topoisomerase and recombinase structures. We hypothesize (i) that the catalytic domains of eukaryotic cinia topoisomerase entailing site-directed mutagenesis of Ͼ140 individual residues. We have identified five type IB topoisomerase and site-specific recombinases have evolved from an ancestral strand transferase and amino acid side chains (other than the active site tyrosine) that participate in transesterification chemistry and (ii) that biological specificity is conferred (at least in part) by structurally divergent amino-terminal domains. are conserved in every member of the type IB family (Figure 1) . , and 10 2 , respectively (Morham and Results and Discussion Shuman, , 1992 Wittschieben and Shuman, 1994; Petersen et al., 1996; Cheng et al., 1997; Petersen and Structure of the Topoisomerase Catalytic Domain Earlier probing of the native solution structure of vac- . It is proposed that these residues catalyze cinia topoisomerase by limited proteolysis showed that the C-terminal catalytic domain contains a proteasethe attack of Tyr-274 on the scissile phosphate through transition state stabilization and general acid catalysis sensitive region from residues 135-147 ( Figure 1 ). The enzyme is cleaved by trypsin at Lys-135, by chymotrypof the expulsion of the 5Ј OH leaving group . Three other residues, Gly-132, Tyrsin primarily at Tyr-136 and secondarily at Leu-146, and by V8 protease at 136, , which are important for strand cleavage but not for religation, are implicated in a proposed 1994; Sekiguchi and Shuman, 1995) . The protein segments flanking the protease-sensitive region remain precleavage conformational step .
physically associated after scission of the Tyr-136/Leu-137 peptide bond by chymotrypsin (Sekiguchi and ShuHere we report the crystallization of Topo(81-314) and the determination of its structure. The catalytic domain man, 1995). In contrast, the N-terminal domain (aa 1-80) dissociates from the rest of the protein after limited of eukaryotic topoisomerase is structurally similar to the catalytic domains of HP1 integrase, Cre recombinase, digestion with trypsin (Sharma et al., 1994) . These results, together with the recent finding that Topo(81-314) and other site-specific recombinases that catalyze strand breakage and rejoining through covalent DNA-(3Ј-phosis enzymatically active, suggest that the catalytic domain Topo(81-314) is a single structural unit punctuated photyrosyl)-enzyme intermediates. Residues essential for reaction chemistry occupy homologous positions in by a segment that may be flexible or loosely folded. . d R factor ϭ ⌺|Fo Ϫ Fc|/⌺|Fo|, where Fo and Fc are the observed and calculated structure factors, respectively. e Free R factor calculated from 5% of the data chosen randomly and omitted from simulated annealing refinement. f Root-mean-square deviations from ideal geometry and root-mean-square variation in the B factors of bonded atoms.
To gain further insight into the topoisomerase struccrystals, the N-terminal lobe (aa 81-210) has an overall temperature factor of 57 Å 2 , which is significantly higher ture, we purified and crystallized Topo(81-314). Details of the structure determination and refinement are inthan the 37 Å 2 temperature factor of the C-terminal lobe (aa 211-310). Accordingly, the electron density of the cluded in Table 1 . The final model included 221 of the 234 amino acids of the protein (Figure 2) . Four amino N-terminal lobe, and the ␤ sheet in particular, is of lower quality than that of the C-terminal lobe. The apparent acids at the C terminus had no interpretable electron density; we showed previously that deletion of these lower order of the ␤-sheet region is reflected in the refinement statistics. The N-terminal lobe does not make residues has no effect on topoisomerase activity . There was also no interpretable significant crystal packing contacts, and we presume this contributes to its high temperature factors. electron density from residues 129 to 137; this is consistent with the idea that the protease-sensitive segment is poorly structured in the free enzyme. The catalytic domain is an oblong-shaped globular protein with diStructural Similarity to Site-Specific Recombinases A search of the structures available in the Protein Data mensions of 56 ϫ 28 ϫ 26 Å . It consists of ten ␣ helices and a three-stranded antiparallel ␤ sheet on one surface Bank using the program DALI (Holm and Sander, 1993) showed that the fold of the vaccinia topoisomerase cata- (Figure 2 ). An N-terminal lobe (colored purple in Figure  2 ) comprises helices 1-5 and the ␤ sheet; a C-terminal lytic domain was quite similar to the fold of the catalytic domains of bacteriophage HP1 integrase and lambda lobe (colored cyan) consists of helices 6-10. The long N-terminal ␣ helix is integrated into both lobes. In the integrase (Hickman et al., 1997; Kwon et al., 1997) . These The figure was prepared with the program MOLSCRIPT (Kraulis, 1991) . The amino lobe of the protein (consisting of helices 1-3, a three-strand ␤ sheet, and helices 4 and 5) is colored in purple; the carboxyl lobe (consisting of helices 6-10) is colored in cyan. Two anomalous electron density peaks that likely correspond to enzyme-bound sulfates are shown in red. Amino acid side chains that coordinate the sulfates are colored in yellow. Residues 129-137 that are not defined in the structure are depicted as a dashed purple line connecting helices 2 and 3. The secondary structure of vaccinia topoisomerase is shown above its amino acid sequence. The polypeptide backbone of topoisomerase was aligned to the backbones of HP1 integrase (A) and Cre recombinase (B) using the program O. Gaps in the structure-based alignment are indicated by dashes. Amino acid identity (asterisks) and similarity (carets) are denoted below the aligned sequences. The Tyr nucleophile (helix 8) and other amino acids implicated in catalysis are in highlighted in shaded boxes. The vaccinia segment from amino acids 129-137 not seen in the crystal structure (denoted by a gap in the secondary structure) was aligned to HP1 and Cre according to the location of the catalytic Arg residue (shaded box).
two proteins are members of a large family of site-speof 7-9 ␣ helices with a three-stranded ␤ sheet (Kwon et al., 1997; Subramanya et al., 1997 ; Yang and Mizuuchi, cific recombinases that catalyze reciprocal DNA strand transfer reactions during the formation and resolution 1997). Note that there is little amino acid sequence similarity between the recombinase family members of four-strand Holliday junctions. The 20 kDa C-terminal fragment of HP1 integrase consists of nine ␣ helices themselves, and structure-based alignments of the recombinases are punctuated by frequent deletions and with a three-stranded antiparallel ␤ sheet on one side (Hickman et al., 1997) . The order and topology of the insertions (Yang and Mizuuchi, 1997). The recombinases are mechanistically related to the secondary structural elements resembled that of the topoisomerase domain from the N-terminal helix through eukaryotic type I topoisomerases insofar as they, too, incise one strand of duplex DNA to yield a free 5Ј OH helix 8 (wherein the active site tyrosine resides). The amino acid sequences of the topoisomerase (aa 92-275) strand and a covalent DNA-(3Ј-phosphotyrosyl)-enzyme intermediate. Most recombinases display topoisomerand HP1 integrase (aa 176-316) were aligned based on a superimposition of homologous segments of the two ase I activity in vitro (Kikuchi and Nash, 1979; Abremski et al., 1986; Cornet et al., 1997) . Therefore, it is most structures ( Figure 3A ). Each protein has unique segments not found in the other; e.g., HP1 integrase coninstructive that the functional moieties of vaccinia topoisomerase that are important for transesterification tains a 10-amino acid segment between helices 5 and 6 not found in topoisomerase, and topoisomerase has chemistry are well conserved in the HP1 integrase and Cre ( Figure 3 ) and in the two other site-specific recoma 20-amino acid segment between helices 6 and 7 that is missing from the integrase ( Figure 3A ). Of the 130 binases for which structures have been determined: lambda integrase and XerD recombinase (Yang and Miamino acids that we could align, 27 side chains are identical and 15 are conserved ( Figure 3A) . zuuchi, 1997). For example, vaccinia residue Lys-167 is located in the loop connecting the second and third Conservation of secondary and tertiary structure was also noted when topoisomerase was superimposed on antiparallel ␤ sheets; a lysine is present at the same position in HP1 and lambda integrases, Cre, and XerD. the C-terminal catalytic domain of Cre recombinase (aa 139-325), which consists of nine ␣ helices and an antiLys-167 is invariant in all eukaryotic type IB topoisomerases; it contributes 10 3-4 catalytic power to the vaccinia parallel ␤ sheet (Guo et al., 1997; coordinates generously provided by Dr. Greg Van Duyne) ( Figure 3B ). Of the 148 enzyme (Petersen et al., 1996; . Mutation of the homologous lysine in human amino acids that we could align, 19 side chains are identical and 22 are similar. Cre lacks the topoisomerase topoisomerase I also results in loss of activity (Jensen and Svejstrup, 1996) . Thus, we suspect that the homololoop between helices 6 and 7, while topoisomerase has no homolog of the Cre segment between helices 5 and gous lysine side chain is essential for DNA transesterification by the recombinases. In the Cre-lox DNA cocrys-6 ( Figure 3B ). Other recombinases (lambda integrase and XerD) adopt a similar tertiary structure composed tal, this lysine interacts in the minor groove with the ϩ1 base on the scissile strand (i.e., Np↓) and the ϩ2 base substituted by Asn or Gln (which are structural congeners of the His side chain) (Petersen and Shuman, 1997) . on the nonscissile strand (Guo et al., 1997 ).
An RHR triad conserved in all recombinase family It was suggested based on these findings that His-265 might hydrogen bond with the scissile phosphate during members is postulated to activate the scissile phosphate for attack by the tyrosine nucleophile. The triad strand cleavage by the topoisomerase. Although the function of this histidine in recombinase reaction chemconsists of an Arg residue located between helices 2 and 3 of HP1 integrase (this corresponds to the proistry has not been dissected by mutagenesis, the structures of the HP1 integrase and XerD suggest that the tease-sensitive region of vaccinia topoisomerase) and a His-x-x-Arg motif within helix 6 (Figure 3) . Although histidine is poised to hydrogen bond to the scissile phosphate (Hickman et al., 1997; Subramanya et al., 1997) . the protease-sensitive region is not resolved in the topoisomerase structure, we surmise from primary sequence
The analogous residue in Cre recombinase is a tryptophan that does indeed hydrogen bond with the scissile alignment that the proximal Arg in the RHR triad is homologous to vaccinia residue Arg-130, which is invariant phosphate in the Cre-lox enzyme-DNA cocrystal (Guo et al., 1997; Figure 4B ). The Cre-lox structure provides in type IB topoisomerases and contributes 10 5 catalytic power to the vaccinia enzyme (Figure 3) . A superimposidefinitive evidence that the active site is composed of an RHRW tetrad of side chains, each of which hydrogen tion of HP1 integrase, Cre recombinase, and vaccinia topoisomerase from helices 6 through 8 shows that vacbonds to the scissile phosphate; the homologous RKRH residues in vaccinia topoisomerase (R130, K220, R223, cinia residues Lys-220 and Arg-223 are equivalent to the HxxR component of the recombinase triad ( Figure  and H265 ) are all important for reaction chemistry. 4A). Arg-223 accelerates transesterification by 10 5 , whereas Lys-220 contributes only modestly (10-fold) to
The Active Site Tyrosine The conserved topoisomerase I active site motif SKxxY topoisomerase reaction chemistry. Both arginines of the RHR triad are essential for transesterification by lambda is located within helix 8. The experimental MIR maps and the omit electron density of this portion of the topointegrase and FLP recombinase (Parsons et al., 1988 (Parsons et al., , 1990 Han et al., 1993) . The histidine of the triad is not isomerase structure are shown in Figure 5 . The tyrosine hydroxyl is hydrogen bonded to the carboxylate of Asprequired for strand cleavage by FLP (Parsons et al., 1988; Lee and Jayaram, 1993) .
85 (not shown). The tyrosine side chain is actually oriented away from the putative binding pocket for the Essential residue His-265 of vaccinia topoisomerase is located 9-amino acids proximal to the active site scissile phosphate that would be formed by the catalytically essential residues and therefore is not poised to tyrosine within a loop linking helices 7 and 8 (Figure 3 ). HP1 and lambda integrases and XerD also have histiengage in catalysis (Figure 4) . A similar situation applies to XerD, where the tyrosine is buried in the protein with dines at this position. The vaccinia and HP1 residues are located near each other in the tertiary structure (Fig- the hydroxyl moiety pointing away from the putative phosphate-binding site that includes the conserved arure 4A). Changing vaccinia His-265 to alanine elicits a 100-fold decrement in catalytic activity, but activity is ginines of the RHR triad (Subramanya et al., 1997) . In contrast, the tyrosine nucleophile of HP1 integrase is restored to near wild-type levels when position 265 is pointed toward the putative phosphate-binding site chains (the sites on the native enzyme to which BrCsubstituted ligands were cross-linked) (Sekiguchi and formed by the catalytic side chains (Hickman et al., 1997) Shuman, 1996a ). Here we have built a model of the ( Figure 4A ). We surmise that Tyr-274 must be reoriented noncovalent topoisomerase-DNA complex by fitting the upon binding of the topoisomerase to the DNA target structure of the catalytic domain onto the B-form duplex site.
such that the sulfates are superimposed on the scissile The anomalous scattering electron density maps sugphosphate and 5Ј proximal phosphate, respectively, of gested that two sulfate ions were bound to the enzyme, the CCCTpTp↓N element ( Figure 6 ). This positions the coordinated by four amino acid side chains within the carboxyl end of the N-terminal domain structure (residue HTPSISKRAY sequence about the active site Tyr ( Figure  77 ) on the same face of the helix as the start of the 2). One sulfate is within hydrogen bonding distance of catalytic domain (residue 81) such that connectivity of His-265, Ser-268, and Lys-271; close to it are the side the polypeptide could be established by the three resichains of Lys-220 and Arg-223. The second sulfate is dues (aa 78-80) missing from the amino domain struccoordinated by Ser-268 and Ser-270 as well as Arg-84.
ture. The protein spans an ‫81ف‬ bp DNA segment (from Arg-84 is located within the trypsin-sensitive bridge and ϩ10 to Ϫ9 relative to the scissile phosphate), which is its side chain is implicated by mutational analysis in consistent with the dimensions of the DNase I footprint noncovalent binding of topoisomerase to the DNA target (Shuman, 1991a) . The model has a number of other vir- Shuman, 1995, 1997) . Tyr-274 is pointed tues that explain and embellish previous biochemical away from the sulfates. The distance between the sulfate insights concerning vaccinia topoisomerase. (i) It sugdensities (6.4 Å ) is similar to the distance between vicinal gests that topoisomerase engages the DNA circumferbackbone phosphates in one strand of duplex DNA (6.5 entially, with the protein in the form of a C-shaped clamp, Å ). Because sulfate is a structural analog of phosphate, essentially as predicted by footprinting studies of the we suspect that side chain interactions with the sulfates topoisomerase-DNA interface (Shuman and Turner, 1993 ; reflect contacts made by topoisomerase with the phos- Sekiguchi and Shuman, 1994) . (ii) It implies conformation phates in DNA. It is noteworthy that the HP1 integrase flexibility in the free topoisomerase, which must open structure contains one enzyme-bound sulfate that is up to accommodate DNA within a cleft of the protein. coordinated by the active site Tyr and the second Arg This is most likely achieved through domain motion and second His of the RHRH catalytic tetrad (Hickman about the trypsin-sensitive bridge segment, which is et al., 1997). We posit that the first sulfate is situated at rendered trypsin-resistant upon DNA binding (Sekiguchi a site on vaccinia topoisomerase that would be occupied . (iii) It places catalytic residues Lysby the scissile phosphate of the DNA substrate.
220, Arg-223, and His-265 in a position to interact directly with the scissile phosphate. (iv) It suggests that A Model of the Topoisomerase-DNA Complex conserved SKxxY motif of type IB topoisomerases interWe previously built a model of the interface between acts with the phosphate immediately preceding the scisthe N-terminal domain of vaccinia topoisomerase (aa sile bond; this phosphate and the upstream deoxyribose 1-77) and the CCCTT target site in which a concave sugar have been shown by modification interference to face of the domain fit into the major groove of a B-form be important for DNA binding and strand cleavage by CCCTT-containing duplex such that the ϩ4C and ϩ3C vaccinia topoisomerase (Shuman and Turner, 1993; Sekiguchi and Shuman, 1994) . bases were in proximity to the Tyr-70 and Tyr-72 side The topoisomerase catalytic domain was docked manually onto a 21 bp B-form CCCTT-containing DNA molecule (colored red) in such a way as to superimpose the sulfates on the scissile phosphate (highlighted in green) and the preceding phosphate of the CCCTT strand. The N-terminal topoisomerase domain from residues 1-77 (Sharma et al., 1994) was placed in the major groove in accordance with UV crosslinking data as described (Sekiguchi and Shuman, 1996) . (A) shows a longitudinal view with the recognition sequence (3Ј-pTTCCC-5Ј) to the right of the scissile phosphate. (B) shows a view down the DNA axis. The images were prepared using the programs MOLSCRIPT and RASTER3D.
The structure suggests that a precleavage conformaof the proposed change would be the placement of the Arg-130 side chain at the scissile phosphate. We also tional change in the catalytic domain would be necessary to reorient Tyr-274 to attack the scissile phosphate.
predict that essential side chain Lys-167, located in the loop between ␤ strands 2 and 3, will flip into the minor This is a feature that is apparently shared with several members of the recombinase family. Reorientation of groove to contact either the scissile phosphate or the bases of the target site, as noted in Cre-lox (Guo et the buried tyrosine nucleophile of XerD by simple side chain rotation was mentioned above. In the lambda inal., 1997). Kinetic analysis of topoisomerase mutants suggests that the proposed conformational steps are tegrase catalytic domain, the active site tyrosine is located on a flexible segment and is distant from the other perturbed by alanine substitutions at residues Gly-132 and Tyr-136 (located in the protease-sensitive linker becatalytic residues (Kwon et al., 1997) . The structure of Cre bound noncovalently to lox DNA indicates that the tween helices 2 and 3) and at residue Ser-204 (located at the proximal margin of helix 5) ; active site tyrosine hydrogen bonds to the phosphate immediately upstream (5Ј) of the scissile phosphate. In . Ser-204 is conserved in lambda integrase and Cre recombinase ( Figure 3B ) going from this state to the covalent intermediate, there is a shift in the position of the tyrosine-containing helix (Yang and Mizuuchi, 1997) . Chemical footprinting studies of the topoisomerase-(Guo et al., 1997). In the vaccinia topoisomerase-DNA model, simple rotation of the tyrosine side chain about DNA interface indicate that the enzyme contacts the phosphodiester backbone along the minor groove of C␣-C␤ would not suffice to position it near the scissile phosphate. We suspect that proper alignment will entail the DNA on the opposite face of the helix from the major groove contacts made by the N-terminal domain (Sekimovement of helix 8 and the preceding loop segment into a conformation more like that of the HP1 integrase guchi and . As modeled in Figure 6 , the catalytic domain is in proximity to minor groove phos- (Figure 4) . A conformational change in the topoisomerase catalytic domain upon DNA binding has been invoked phates identified by ethylation inteference as important for DNA binding. Although the model was made using previously based on kinetic experiments, mutagenesis, and partial proteolysis of free versus DNA-bound topoa canonical B-form helix, it is quite possible that the DNA as well as the protein undergoes a conformational isomerase (Stivers et al., 1994; Sekiguchi and Shuman, 1995; . In addition to change upon topoisomerase I binding, which would facilitate additional contacts. The DNA target site in the the change in the location of Tyr-274, we propose that the region from aa 129-137 goes from a disordered Cre-lox cocrystal is bent (Guo et al., 1997) . A proposed model of the XerD-DNA interface also invokes bending protease-sensitive state in the free topoisomerase to an ordered protease-resistant state prior to strand cleavtoward the catalytic domain (Subramanya et al., 1997) . Studies of cellular topoisomerase I have indicated a age (Sekiguchi and Shuman, 1995) . A key consequence preference for binding and cleavage at target sites conHence, we suspect that the catalytic domain of cellular topoisomerase I is structurally similar to its vaccinia taining an intrinsic bend (Krogh et al., 1991) . In the vaccinia case, there is evidence for a post-cleavage altercounterpart. The topoisomerase catalytic "pentad" is conserved in the secondary and tertiary structures of the ation of the conformation of the T residue immediately 5Ј of the site of covalent adduct formation (Sekiguchi site-specific recombinases, despite scant amino acid sequence similarity overall. The implication is that the and Shuman, 1996b) .
catalytic domains of type IB topoisomerases and sitespecific recombinases derive from a common ancestral Evolution of Topoisomerase I and Site-Specific Recombinases enzyme capable of transesterification to the 3Ј phosphate at the site of DNA strand scission. Prior studies have underscored the functional similarities between vaccinia DNA topoisomerase and the reThe catalytic domains of vaccinia topoisomerase and Cre recombinase are linked to N-terminal domains that combinase family, to wit: (i) vaccinia topoisomerase catalyzes the resolution of Holliday junctions with high interact with the DNA target site in the major groove Shuman, 1996a, 1997; Guo et al., 1997) . A efficiency in vitro (Sekiguchi et al., 1996) , (ii) in vivo expression of vaccinia topoisomerase in an integrasesimilar role is likely for the N-terminal domain of lambda integrase . In the Cre-lox cocrystal, minus lambda lysogen complements excision via topoisomerase-catalyzed recombination between CCCTTand in our model of the topoisomerase on DNA, the enzymes encompass the DNA duplex within a C-shaped like sites flanking attL and attR (Shuman, 1989 (Shuman, , 1991b , and (iii) protein-protein interactions between DNA-bound protein clamp (Figure 7 ). Structural conservation of the catalytic domains is apparent in Figure 7 . Here, the topotopoisomerase molecules facilitate intramolecular synapsis of duplex DNA . Although it isomerase and Cre structures are shown such that the (K/H)xxR helices (colored green) are superimposable. has been speculated that there might be locally conserved structural motifs in eukaryotic topoisomerase I and siteConserved helices and loops are colored in cyan. The ␤2-␤3 loops containing the topoisomerase catalytic lyspecific recombinases , the finding of global structural similarity between a eusine are highlighted in red. The nonconserved portions of the catalytic domains are shown in gray (Figure 7 ). karyotic topoisomerase I and recombinases had not been anticipated, because computer-based searches Vaccinia topoisomerase contains a unique set of helices near the carboxyl end of the catalytic domain that are failed to reveal any amino acid sequence conservation. The delineation of structure-function relationships by missing from Cre. Deletion mutagenesis indicates that the C-terminal helices are important for topoisomerase mutagenesis is well advanced with vaccinia topoisomerase, more so than with cellular topoisomerase I or any activity . Cre contains a unique C-terminal tail projecting away from the catalytic core of the recombinase family members. A constellation of five catalytic side chains on the vaccinia topoisomerase ( Figure 7) High Energy Synchrotron Source (CHESS). Heavy atom derivatives were obtained by soaking the crystals for the times specified in 100 act as monomers. There is no similarity at all between mM sodium citrate (pH 5.6), 61% (NH4)2SO4 containing one of the the N-terminal domain of vaccinia topoisomerase (which following heavy atom solutions: 1.5 mM thimerosal for 4 hr, 1 mM consists of five antiparallel ␤ sheets and two short ␣ KAu(CN)2 for 14 hr, or 1.5 mM HgCl2 for 3 hr. Diffraction data for the helices) and the N-terminal domain of Cre (composed heavy atom derivatives were collected on an R-AxisIIC imaging plate of five ␣ helices) (Sharma et al., 1994; Guo et al., 1997) detector mounted on a Rigaku 200 HB X-ray generator. Heavy atom (Figure 7 ). It is noteworthy that the carboxyl catalytic sites were identified by using the program SHELXS (Sheldrick et al., 1993) and difference Fourier maps. The initial MIR phases were domains of vaccinia topoisomerase, lambda integrase, 1990; Tirumalai et al., 1997; Cheng and Shuman, 1998) .
A model was built with the program O (Jones et al., 1991) . Successive
In the case of topoisomerase and Cre, deletion of the rounds of rebuilding and refinement with the program X-PLOR (Brunger, 1991) were followed by a bulk solvent correction to the N-terminal domain results in reduced activity in strand data. Simulated annealing omit electron density maps were used cleavage (Hoess et al., 1990; Cheng and Shuman, 1998) .
to check the model. Statistics are presented in Table 1 .
We hypothesize that the distinct specificities of these enzymes may be achieved through conformational acti-
